INTRODUCTION
Primary sclerosing cholangitis (PSC) is a chronic inflammatory disease characterized by cholestasis and progressive stricturing and destruction of the intrahepatic and extrahepatic biliary tree. PSC is rare in the general pediatric population, with an incidence and prevalence of 0.2 and 1.5 cases per 100000 children, respectively. PSC is common in children with inflammatory bowel disease (IBD), affecting at least 10% of children with ulcerative colitis [1] . The etiology of PSC is complex and involves both genetic and environmental factors. Multiple abnormalities along the "gut-liver axis" have been identified including defects in: immune regulation, hepatobiliary protection mechanisms, bile acid metabolism, microbiome and intestinal permeability. Patients undergo a variable progression through hepatobiliary fibrosis, cirrhosis, and end-stage liver disease (ESLD) with a greatly increased risk for cholangiocarcinoma (CCA). In pediatrics most cases of PSC initially present without complications. Fewer than 5% have ESLD or dominant biliary strictures (DS) at diagnosis. Within ten years of diagnosis, 50% of children will develop clinical complications including 30% requiring liver transplantation (LT) [2] . There is presently no medical therapy to delay the progression of liver disease or the onset of clinical complications in PSC. The disease is recognized as having one the largest unmet needs in hepatology [3] . Ursodeoxycholic acid (UDCA) and oral vancomycin therapy (OVT) are used widely in children but the slowly progressive nature of PSC has hindered adequately-powered clinical trials. Advanced endoscopy plays an important role in palliation of PSC, with endoscopic retrograde cholangiopancreatography (ERCP) often being necessary to stent and balloon dilate biliary strictures. LT remains the only option for PSC patients with ESLD [4] . Here we review common and emerging treatment strategies for PSC in children, and their role in management based on recent literature.
URSODEOXYCHOLIC ACID
One aspect of PSC pathogenesis appears to be an abnormal bile acid pool [5] [6] [7] . HydroPHOBIC bile acids may be hepatotoxic, and high concentrations present in PSC appear to be cytotoxic within the biliary tree. PSC patients may lack an effective "bicarbonate umbrella" buffer layer between cholangiocytes and the biliary lumen [8] , compounding this effect. UDCA is a hydroPHILIC bile acid with cytoprotective effects that is readily absorbed orally. UDCA increases levels of hydroPHILIC bile acids in bile [9, 10] and decreases histocompatibility antigen display by hepatocytes [11] . UDCA is effective for adults with primary biliary cholangitis, another immunemediated disease targeting bile ducts [12, 13] . Its role in PSC is controversial however. Clinical trials have consistently shown that UDCA is more effective than placebo in lowering serum alkaline phosphatase, a potential surrogate marker of disease activity in PSC [14] [15] [16] [17] [18] . No benefit to patient survival in treated vs. untreated patients has been shown however. In one trial of high-dose UDCA (25-30 mg/kg/d), outcomes were worse in treated cases prompting early cessation to avoid patient harm [19] . Ultimately the lack of a clear survival benefit and the potential for harm at certain doses prompted the American Association for the Study of Liver Diseases to recommend against the use of UDCA in PSC [20] . Controversy remains however since even the largest trials to date have been substantially under-powered [21] which may be why they failed to show a survival benefit. Further complicating the challenge for clinicians, in a prospective study evaluating the effects of UDCA withdrawal from chronically treated PSC patients, deterioration in serum liver tests occurred and patients reported increased pruritus [22] . Experts feel there is at least some role for a six month therapeutic trial of UDCA, with continuation of the drug in patients with a substantial biochemical response [23] . There are no practice guidelines for PSC in pediatrics, and UDCA is prescribed chronically in over 80% of patients with PSC [2] . The largest retrospective analysis of PSC outcomes showed that survival was similar in UDCA-treated and untreated children [24] . Patients who normalized their gamma-glutamyltransferase (GGT) however (achieving a level of < 50 IU/L by one year), or reduced it from baseline by at least 75%, had improved survival compared to patients who did not. This survival benefit was similar whether a patient normalized GGT on UDCA treatment or spontaneously with no treatment. Untreated patients who achieved biochemical normalization had similar survival to UDCA-treated patients. Retrospective studies and post-hoc analyses of clinical trial data in adults have consistently shown that patients who fully normalize serum alkaline phosphatase (ALP) have dramatically better survival outcomes [25] [26] [27] [28] [29] . Even in the clinical trial suggesting that high-dose UDCA was detrimental overall [16] , the subset of patients who normalized their ALP on treatment experienced favorable survival and no complications [21] . While there is a ceiling on the appropriate dose of UDCA, with 25-30 mg/kg/d demonstrating harm [30] , there is not agreement on what constitutes a minimum effective dosage. Unpublished data from the Pediatric PSC Consortium suggest that 15 mg/kg/d is the most common dosage used in children. Doses as low as 9 mg/kg/d effectively reduced ALP and GGT in a small pediatric series [31] . In a randomized trial comparing three doses of UDCA, patients in a "low dose" 10 mg/kg UDCA group experienced statistically significant reduction in ALP and GGT over two years, similar to the response seen in the "standard" 20 mg/kg and "high" 30mg/kg dose groupings. With capsule strength limitations, the actual dose received in the "low dose" group was 7.4-13.2 mg/kg/d [15] . A just-completed, NIH-funded pediatric study of UDCA withdrawal showed that liver biochemistry was normal in patients entering the study at 13 mg/kg/d of UDCA or greater. A randomized-controlled trial of UDCA at doses of 13-15 mg/kg/d showed significant reduction in ALP and aspartate aminotransferase over one year [14] . It appears that any UDCA doses as low as 7 mg/kg/d may be reasonable with the most data supportive of approximately 13-23 mg/kg/d. PSC patients are heterogeneous, and differences between patients who do or do not normalize biochemistry on UDCA are presently unknown. There are likely several factors: Earlier disease stage (before DS or extensive hepatic fibrosis have set in for instance), genotypic or phenotypic differences, or the presence of specific changes in a patient's microbiome or bile acid pool that are amenable to UDCA therapy in some but not all patients. Regardless, there are clearly patients who are responsive to UDCA, and it seems reasonable and safe to attempt a treatment trial at low or medium doses (approximately 15-25 mg/kg/d). In our experience, the maximal effect of UDCA on serum biochemistry is achieved within 8-12 wk, often sooner. This seems a reasonable length of time to try UDCA therapy. Long-term therapy should be reserved for those who show a dramatic biochemical response and normalization of GGT, or for rare children with substantial pruritus that resolves with treatment.
Approximately one third of children with PSC will normalize their serum biochemistry spontaneously. This is especially true in patients who were asymptomatic and identified only via screening bloodwork. These patients appear to undergo such changes frequently, possibly due to presence of an earlier stage of the disease where the inflammatory process waxes and wanes. Sorting out which UDCAresponders truly require lifelong therapy is difficult. The rate of disease progression in pediatrics, regardless of treatment with UDCA or not, is low and thus there is little urgency to initiate UDCA immediately nor is there a necessity to continue the medicine indefinitely. Patients can reasonably wait for two serial GGT values > 50, separated by 2-3 mo before initiating therapy, to reduce the incidence of treatment for highly fluctuating enzymes that spontaneously normalize. A recent clinical trial evaluated UDCA withdrawal from children with PSC who had been on chronic therapy with normal biochemistry. Upon complete withdrawal of the medication for 12 wk, 15/22 patients (68%) did not have a flare (GGT > 100) including 7/22 (32%) who maintained GGT < 29 [32] . To prevent unnecessary chronic medication use, it is reasonable to attempt therapeutic withdrawal with regular monitoring of serum biochemistry to ensure each child truly needs chronic UDCA.
ORAL VANCOMYCIN THERAPY
The gut microbiome has been implicated in PSC pathogenesis [33] [34] [35] [36] [37] . The interaction between host immunity and dysbiosis remains poorly understood however. PSC patients are known to have reduced bacterial diversity and microbiome profiles that are distinct from healthy controls and from patients with isolated IBD. Enterococcus, Fusobacterium and Lactobacillus species are over-represented in the stool of PSC patients. An operational taxonomic unit of the Enterococcus genus was associated with elevated serum ALP levels, a disease severity marker in adult patients [38] . Even the oral microbiome is abnormal in PSC, with dysbiosis shown in the saliva [39] . Because of this, several antimicrobial agents have been used and studied in the treatment of PSC including rifaximin [40] , tetracycline [41] , minocycline [42] and metronidazole [43, 44] , with mixed results. OVT has gained the most traction in pediatric PSC on the basis of positive effects noted in a small, uncontrolled case series of 14 patients [45] . We approach OVT for PSC with hope, based on many promising (but unpublished) personal anecdotes from patient and clinicians, and also caution, given the paucity of published data and lack of any large, controlled clinical trials.
Vancomycin works against gram positive bacteria by inhibiting cross-linking of cell wall substrates. When given orally, the drug has minimal systemic absorption [46] . While the drug is potent against clostridium difficile and other gram positive organisms within the gastrointestinal tract, vancomycin may also function as an immunomodulator. OVT use in children with PSC was shown to increase transforming growth factor beta levels and peripheral T-regulatory cell counts [47] . OVT is presently used in at least 7% of patients with PSC. Practice patterns at different centers vary widely. Most commonly OVT is reserved for select patients with persistently elevated biochemical markers who failed trials of UDCA. At some centers however, OVT is used as primary therapy in virtually all new PSC patients, regardless of biochemical markers [48] . There is immense interest in this therapy amongst the patients, parents, and medical providers. Damman et al [4] provided an excellent review of the promising but small body of published evidence that OVT may be an effective therapy for PSC. Two randomized pilot trials in adults showed efficacy in reducing serum markers of cholestasis over 12 wk in patients receiving 125 mg or 250 mg four times daily [44, 49] . Metronidazole was also effective for most endpoints however, and a placebo response was seen for virtually all markers of cholestasis.
Pediatric data is limited to two small case series, published from the same group. Each contains 14 pediatric PSC patients, six of whom were described in both series [45, 47] . Vancomycin was administered at 50 mg/kg/d (maximum 1500 mg daily), divided into three doses. In the original publication, after 1-2 mo of therapy, all patients had lower GGT: 9/14 (64%) normalized GGT to 50 or below but 5/14 (36%) did not, including all four patients noted to be cirrhotic before treatment. Bilirubin, an important marker of long-term prognosis even when mildly elevated [2] , was not improved in any patient [45] . GGT increased when OVT was stopped, and decreased again once OVT was resumed. In the second series, highly subjective and nonspecific improvements were noted in histology and/or cholangiography in all patients after at least 3 mo of therapy. In patients with PSC-IBD, transforming growth factor beta levels increased, and subsets of T regulatory white blood cells increased on OVT [47] . Most patients were treated continuously and indefinitely. No patients were described to develop ESLD or DS. Mean follow-up time was short at less than a year and a half however. The vast majority of children will not experience liver complications within that timeframe, regardless of therapy. In a large cohort of children with PSC, only 6% of patients progressed to ESLD or DS within one and a half years, while 94% did not [2] , making it difficult to infer any relative causality of OVT preventing adverse liver outcomes in these combined series of 22 unique patients.
OVT is a promising potential therapy for PSC, but more data is needed. Important questions remain as to the optimal dose, its efficacy in different stages of hepatic and biliary fibrosis, its efficacy in patients with or without IBD, and whether it should be used as primary or as salvage therapy. Although vancomycin-resistant enterococcus (VRE) has not yet been described in PSC patients with history of chronic OVT exposure, it is unclear how much surveillance testing has been done. It seems inevitable that VRE may become a problem with more widespread, long-term use. Many of these questions will be addressed in a multicenter, randomized-controlled trial that is presently being planned in children. Until more data is available, we recommend somewhat judicious use of the drug, limiting OVT to non-cirrhotic PSC patients who failed an 8-12 wk trial of UDCA, with persistently elevated GGT. Based on the case series and anecdotal data, patients will respond within 8-12 wk, often sooner. Those patients who experience a brisk reduction and ultimate normalization of GGT within this time period can be considered for longer-term therapy with at least semi-annual evaluation for vancomycin-resistant enterococcus. The length of safe treatment with OVT is presently undefined, and providers should approach this on a case-by-case basis with patients and families. OVT is not a panacea. In cases where serum biochemistry does not respond to OVT within 12 wk, we recommend cessation of the drug. Patients in this category may well be cirrhotic. Careful monitoring for the sequelae of ESLD is necessary, and pre-transplant workup should begin in patients with portal hypertension.
MANAGEMENT OF IBD AND THE ROLE OF IMMUNOSUPPRESSION FOR PSC
Most children with PSC have IBD [2, 50] . The two disorders share pathophysiologic mechanisms along the "gut-liver axis" [51] . The hypothesized pathogenic mechanism for PSC include an inappropriate and dysregulated immune response in genetically susceptible individuals [52] [53] [54] , defects in the normal mechanisms that protect the liver from the toxicity of bile acids [5] [6] [7] , a pathogenic distortion in the fecal microbiome leading to the accumulation of toxic bile acid species and a subsequent inappropriate inflammatory response [33] [34] [35] [36] [37] , migration of gut-activated mucosal lymphocytes to the liver [55] , disruption of the intestinal epithelial barrier due to inflammation [56] [57] [58] , and an inappropriate inflammatory response to bacterial products and toxic bile acids delivered to the liver through the inflamed gut via the portal vein [59] [60] [61] . It is unknown whether treating a patient's IBD and inducing a sustained endoscopic remission also treats the patient's PSC. There are no prospective assessments of whether patients with PSC-IBD in sustained endoscopic or histologic IBD remission have improvement in liver biochemistry, imaging or histopathology. A PSC-IBD phenotype, independent of the IBD disease activity, tends to impart a favorable long-term prognosis of ductular disease. Children with PSC-IBD are nearly half as likely to experience a liver complication in follow-up compared to those with PSC alone [2] . Likewise, when PSC occurs concomitantly with IBD, the intestinal disease course is generally milder than in patients with IBD without PSC [62] . Presently it is not understood why when both diseases co-occur they tend to behave more mildly than when either is present individually. Over time PSC and IBD activity tend to wax and wane independently from one another [51] . Liver biochemistry abnormalities are not correlated with IBD activity in general, whether from PSC or another source [63] . Fecal calprotectin and GGT measurements over time were not correlated in children [64] , and the severity of ductular disease was not strongly associated with the severity of colitis in adults [65] . Patients who underwent colectomy prior to a PSC diagnosis had a better liver prognosis however [66] , implying at least some aspect of colonic disease that drives biliary disease. Longer duration of IBD, even after colectomy, was associated with a greater risk of CCA [67] . Even after LT for PSC on aggressive immunosuppression, exacerbation of existing IBD is common [68, 69] . One quarter of patients without known IBD before transplant for PSC will develop it de-novo after transplant [70] . Immunosuppressive and biologic medications, independent of their effect on concomitant IBD or Autoimmune hepatitis (AIH), have not shown a benefit for PSC. Small pilot trials have been performed in adult PSC patients with a variety of agents including: Prednisone [71] , budesonide [72, 73] , methotrexate [74, 75] , mycophenolate mofetil [76, 77] , tacrolimus [78] , infliximab [79] , and etanercept [80] , with none demonstrating particular efficacy. When biologic agents are used to treat IBD in PSC-IBD patients, there is no benefit to the liver. Aspartate aminotransferase, alanine aminotransferase, bilirubin, elastography and cholangiography were not improved on adalimumab, infliximab or vedolizumab in PSC-IBD patients [55, 81] . Of note, IBD patients without known PSC who were treated with vedolizumab were more likely to develop PSC than those treated with anti-tumor necrosis factor agents, an effect that was particularly pronounced in those with a Crohn disease phenotype [82] . Pediatric studies of immunosuppression for PSC are limited, but also show a lack of efficacy. Azathioprine and prednisone in a prospective study of children with PSC-AIH overlap failed to halt progression of ductular disease [83] . Separate data suggest that PSC-IBD patients may be less-tolerant of azathioprine, with a higher rate of adverse hepatobiliary or pancreatic reactions [84] . Retrospective data show infliximab is not helpful for PSC in children with PSC-IBD [85] . PSC and PSC-AIH patients have similar long-term survival despite most of the latter group receiving systemic immunosuppression [2] . Ultimately the IBD in PSC-IBD should be treated to a goal of deep remission per standards in that field, to prevent bowel surgery and colorectal malignancy. Treatment of IBD does not consistently improve PSC however. Clinicians should be aware that PSC-IBD patients are at risk of subclinical endoscopic and histologic disease activity, even when symptom free and even after colectomy [86, 87] . PSC-IBD patients have an approximately four times greater risk of colorectal cancers compared to patients with IBD alone [88] . While rarely seen in children with IBD in general, the increased risk likely applies to pediatric patients as well. In the absence of formal screening guidelines, annual or biannual surveillance colonoscopy seems warranted, especially in teenage patients or those with several years of active colonic disease. Fluorescein-enhanced, probe-based confocal laser endomicroscopy (pCLE) and chromoendoscopy to obtain targeted biopsies from areas suspicious for dysplasia were far superior to sequential random biopsies using routine screening endoscopy. In one study of screening endoscopy in adults with PSC-IBD, 90% of dysplastic biopsies were discovered on pCLE vs only 10% randomly [89] . Pediatric providers are far less experienced than their adult counterparts in colonoscopic screening for dysplasia and polyps, and most have no knowledge of pCLE and chromoendoscopy. We recommend collaboration with adult endoscopists for cancer screening when possible, particularly at critical points in care such as prior to LT.
NEW MEDICAL THERAPIES AND FUTURE DIRECTIONS
Not all patients respond to UDCA or OVT, but new therapies are constantly under investigation. The future seems bright for children and families dealing with PSC. After no large clinical trials in pediatric PSC for decades, three different multicenter clinical trials enrolling pediatric patients are in the late stages of planning for OVT a combination agent HTD1801, and sulfasalazine. There are several active areas of investigation in the field with promising clinical data from adults with PSC. Norursodeoxycholic acid is a synthetic homologue of UDCA which may enhance the protective bicarbonate buffer between cholangiocytes and bile acids in the biliary lumen. A dose-dependent improvement in ALP and GGT was seen in a 12-wk phase 2 adult multicenter trial with a good safety profile [7] , and a phase III trial is ongoing. Obeticholic acid is an activator of the farnesoid X receptor, central to bile acid metabolism and homeostasis, currently approved to treat adults with primary biliary cholangitis [90] . A phase II trial of obeticholic acid is underway in adults with PSC. Inhibition of bile acid reuptake in the ileum is also being explored as a therapeutic mechanism [91] . Since PSC has a multifactorial etiology, the possibility of combination therapy with multiple agents has been explored. A combination of all-trans retinoic acid, an inhibitor of bile acid synthesis previously shown to have some benefit in adults with PSC [92] , with the anti-inflammatory chemokine receptor antagonist cenicriviroc shown to have benefit in non-alcoholic steatohepatitis [93] , demonstrated synergy in treating an animal model of cholestasis [94] . When metronidazole [43] or all-trans retinoic acid [92] were combined with UDCA, biochemical improvements were demonstrated compared to UDCA alone. Personalized medicine with combination therapy tailored to an individual patient's microbiome, metabolome, bile acid pool and genome may be the future of PSC therapy.
ENDOSCOPIC THERAPY
Close collaboration with an advanced endoscopist, skilled in ERCP is necessary when managing children with PSC. While once used as a diagnostic tool to visualize the focal stricturing and saccular dilation of bile ducts that produce the classic "beaded" appearance of PSC, advancements in magnetic resonance cholangiopancreatography have largely replaced its role in initial PSC diagnosis. ERCP is now mainly a tool to relieve biliary obstruction related to strictures, and to obtain tissue or brushings when CCA is suspected.
The first successful ERCP in a 3.5-mo old child utilizing an adult duodenoscope was reported in 1976 [95] . Since then, multiple studies have demonstrated the feasibility, safety and utility of ERCP in the pediatric population with reported success and complication rates comparable to those quoted in the adult literature [96] [97] [98] [99] [100] . Pediatric expertise with ERCP is limited however. Pediatric-trained advanced endoscopists are currently practicing at very few institutions in the world, thus necessitating close collaboration with adult GI colleagues for most providers. To ensure optimal care for pediatric patients in adult medical centers it is necessary to establish these relationships in advance of when a PSC patient needs a procedure. Teams should establish protocols to ensure safe sedation of children in an adult hospital, to ensure insurance coverage for patients, and to plan for transportation of patients to and from procedures.
Pediatric and adult patients undergoing ERCP for PSC are at significantly higher risk than the normal population for post-ERCP bacterial cholangitis. Cholangitis in these patients may be life threatening. Prophylactic antibiotics per the American College of Gastroenterology PSC guidelines show antibiotic therapy as a rationale precaution to prevent post-ERCP cholangitis although this is a conditional recommendation based on low quality of evidence. Typically pre-operative antibiotics will be started and followed by a 3-5 d course using either a quinolone or cephalosporin, although to date no prospective studies have determined the best antibiotic regimen [101] . The main role of ERCP is dealing with DS which is defined in adult patients as a common bile duct measuring < 1.5 mm in diameter at is most narrow site or a hepatic duct measuring less than < 1.0 mm in diameter [102] . There is no standard definition of DS in pediatrics, though these definitions are likely applicable to all but the smallest children. For most patients with DS, endoscopic intervention can relieve the cholangitis and associated pruritus. Balloon dilation and deployment of intraductal stents are two available options, with balloon dilation generally favored. Balloon dilation of DS has been shown to prolong development of ESLD in adult PSC patients [103] . A recent European multicenter randomized trial (DILSTENT) compared balloon dilation vs stenting for DS and found that short-term stenting was not superior to balloon dilation. In addition, stenting was associated with far more frequent treatment-related serious adverse events including: post ERCP pancreatitis, cholangitis and cholecystitis [104, 105] . Routine stenting is not currently recommended. Many patients require multiple repeated ERCP sessions to achieve stricture palliation.
ERCP is the key tool for diagnosis of CCA. Of adult PSC patients with DS, 26% ultimately developed CCA [19] . CCA is far rarer in children than in adults with PSC. It developed in fewer than 1% of children in a large series, who were all over age 15 with large duct involvement [2] . CCA should be considered in all PSC patients with a DS. The typical presenting symptoms of CCA are due to obstruction of the biliary tree including worsening jaundice, pruritus, clay colored stool, and dark urine. Unexplained chronic abdominal pain and weight loss in a child with PSC, even in the absence of jaundice, should prompt evaluation as well. In a small case series, 2 of 4 teenage male patients with CCA had pulmonary metastasis at the time of diagnosis, raising the possibility of a more rapidly progressive phenotype in children [106] . In adult patients with PSC, screening liver ultrasound and serum CA 19-9 are recommended every 6-12 mo [20] . These recommendations can reasonably be applied to children over aged 15, with abnormalities being referred to ERCP.
The ability to diagnose CCA with ERCP is limited. Endoscopic techniques commonly used to detect malignancy with DS include brushings for cytology, fluorescence in situ hybridization (FISH) and biopsies for pathology. The specificities of these tests are very high, however even when combined, the sensitivities approach only 60% thus having a low negative predictive value and making them inadequate as a sole means to exclude CCA [107, 108] . Cholangioscopy is being increasingly utilized to directly visualize the ductal lumen and target biopsies to areas of irregular mucosa, increasing yield over blind sampling [109] . Combining cytology, FISH and cholangioscopy raises the sensitivity and specificity of ERCP for CCA to more than 90% [102, 108] .
MANAGEMENT OF PRURITUS
Although relatively common in adult PSC patients, pruritus is rare in children.
Chronic pruritus was noted in only 4/120 (3%) children in a large single-center series [50] . In patients with ESLD from PSC with severe biliary stricturing present, the associated pruritus can impair sleep and have a major impact on quality of life. Intractable pruritus can be an indication for LT. The etiology of pruritus among cholestatic liver disease, including PSC, is not well understood. The accumulation of bile acids, increased endogenous opioid production, and elevations in lysophosphatidic acid levels, are some of the better-understood mechanisms for the development of pruritus. Data on currently available medications for pruritus is largely anecdotal, and each of several options is effective for only a proportion of patients.
Among patients with PSC presenting with pruritus, initial evaluation for the presence of a DS should be pursued. Endoscopic treatment may be necessary before the use of medical therapy. Formal treatment guidelines for medical therapy of pruritus in adult PSC have recommended bile acid sequestrants, antibiotics such as rifampin, opioid antagonists including naloxone, and selective serotonin reuptake inhibitors such as sertraline, though the strength of evidence for many of these therapies is lacking [20] . Limited case reports have reported mixed results with the use of probiotics [110] , ondansetron [111] , dronabinol [112] , phototherapy, plasmapheresis and dialysis [113] . UDCA has a role in pruritus management as previously mentioned [23] , but not all patients respond. Treatment is tailored to the individual patient, often requiring multiple trials of different agents to achieve control of symptoms.
Recently, two European groups have shown significant improvement in pruritus with bezafibrate in patients with PBC who were poor responders to UDCA [114, 115] . The FITCH study (http://www.clinicaltrials.gov, NCT02701166) is an ongoing phase 3, multicenter, double-blind, randomized placebo-controlled trial to evaluate the effect of bezafibrate among those with primary biliary cholangitis or primary/secondary sclerosing cholangitis. Studies of maralixibat (http://www.clinicaltrials.gov, NCT02061540) and curcumin (http://www.clinicaltrials.gov, NCT02978339) are active as well.
TREATMENT TARGETS AND ENDPOINTS
The validation of biomarkers as surrogate endpoints is needed in pediatric PSC. Presently there is no accepted surrogate endpoint that reliably predicts clinical outcomes in PSC. There is no formal agreement on which biochemical, radiographic or histologic markers represent the best way to prove remission or stratify a patient as "low-risk" or "high-risk" for progression to liver outcomes. Validation of a surrogate marker of disease activity is critical for clinical trial design as well. Since PSC progresses slowly, over years or even decades, it is preferable to power a large clinical trial to show normalization of a biomarker over six months, rather than a reduction in clinical events over 5-10 years.
In 2014, the International Primary Sclerosing Cholangitis Study Group initiated a Delphi process to identify candidate surrogate endpoints. ALP, vibration controlled transient elastography (VCTE), liver histology, ALP and liver histology in combination, and serum total bilirubin were chosen for future study and validation [116] . Childhood-onset PSC was not specifically considered in this Delphi process however, and ALP is not a useful biomarker for pediatric liver disease. Normal ALP varies widely in children and adolescents. Values of over 500 IU/L are normal in boys and girls aged 12-13 due to rapid growth and bone turnover [117, 118] , and values in the thousands are normal in young children with benign transient hyperphosphatasemia [119] . Measurement of liver-specific isozyme levels of ALP is not routine in clinical practice. GGT levels are instead measured routinely in pediatric clinical practice. GGT has no source from bone, which avoids the confounding effect of skeletal growth seen with ALP.
There is increasing evidence of the utility of GGT as a candidate surrogate endpoint in pediatric PSC. GGT at diagnosis of PSC in children correlates with long-term outcomes, but ALP does not [2] . GGT response paralleled other markers including ALP in a clinical trial of norursodeoxycholic acid [7] . GGT reduction at one-year predicted long-term outcome in pediatric PSC [24] . ALP and GGT elevation in PSC represent a similar phenomenon of cholestasis and relative biliary obstruction and inflammation. As described earlier, when ALP normalizes in adults with PSC, prognosis is excellent [21] . GGT normalization thus seems to be the most practical treatment target for children. The larger the reduction in GGT better the overall prognosis, with a > 75% reduction representing the best response. Patients who normalize GGT to less than 50 IU/L have the best prognosis overall [24] . More research is needed to determine the optimal GGT response in a shorter timeframe. In practice, clinical experience suggests that an optimal GGT response is seen within 8-12 wk, with patients reaching a nadir of potential GGT at that point, with little to no further improvement with ongoing therapy.
Serum bilirubin has prognostic utility in pediatric PSC [2] , but the prevalence of DS and marked elevations of bilirubin in children is low, making it a less useful biomarker to monitor treatment when compared to adults. Not enough is known about VCTE in pediatric liver diseases to support its use in monitoring treatment. While VTCE measurements likely improve when a patient responds to a particular therapy, the time course of a measureable effect is presently unknown. Similarly, histopathology may be useful to follow relative fibrosis and inflammation over time, but liver biopsy is invasive, and the time course of improvement on a therapy is unknown. Several other biomarkers correlate with PSC prognosis when done at the time of diagnosis in adults. The enhanced liver fibrosis score is a noninvasive measurement of three serum byproducts of hepatic fibrogenesis. In PSC, enhanced liver fibrosis score at diagnosis is a strong predictor of prognosis [120] . This tool is not widely available clinically and there are not yet data in children. MRI elastography and MRI cholangiography are areas of active research in pediatric PSC [121] , and may serve as an additional study to prove "deep remission" of the biliary tree on therapy when done at diagnosis and repeated 1-2 years later.
LIVER TRANSPLANTATION
LT is the only effective therapy for PSC that has progressed to cirrhosis with end stage liver disease. PSC is one of the leading indications for LT, accounting for 5% of all LT in the United States [122] . Outcomes after transplantation for PSC are favorable and comparable to other pediatric liver disorders with > 90% patient and graft survival at 5 years [123, 124] . Complications of portal hypertension and end stage liver disease such as: Recurring variceal bleeding, abdominal ascites, bacterial peritonitis and hepatic encephalopathy are the most common clinical reason to consider LT transplantation for PSC. The Model for End Stage Liver Disease (MELD) score is a useful prognostic marker in PSC. Similar to other liver diseases, pediatric PSC patients who meet minimal listing criteria should benefit from LT. Unfortunately, many children with PSC are more ill than their MELD score reflects. Chronic pruritus can be particularly intractable and debilitating in ESLD from PSC which negatively impacts quality of life and school performance. Within the United States organ allocation system, hepatologists may need to appeal to regional review boards for additional allocation priority beyond a patient's MELD score in such cases. Adolescent patients with PSC frequently experience much longer wait times pre-LT compared to other pediatric liver conditions. Long wait times are one reason patients with PSC are more likely to receive living related donation LT [125] . Preliminary data from the pediatric PSC consortium suggests transplant evaluation be undertaken for adolescent patients with MELD > 10 given need for transplant in the next 1-2 years [126] . A MELD > 20 has shown significantly decreased short-term survival after LT [127] in a retrospective study. This was most likely due to the patient becoming more ill pre-LT or the MELD score poorly reflecting the actual disease severity. For these reasons, early LT evaluation and referral after developing complications of cirrhosis such as esophageal varices is warranted, even if the MELD score does not appear excessively elevated.
Hepatobiliary cancer is an uncommon indication for LT in children, but these cases do occur. Approximately 1% of pediatric-onset PSC patients will develop CCA, primarily in teenage males. Neoadjuvant chemoradiation followed by LT offers favorable outcomes for select patients [128] , possibly better than outcomes achieved with primary surgical resection without transplantation. There were no confirmed cases of hepatocellular carcinoma in a large cohort of pediatric PSC patients [2] , but theoretically this risk exists with any chronic liver disease. Consultation with a referral center experienced in LT for hepatobiliary cancers is strongly recommended to assist with surgical planning, prior to undergoing any resection operation locally.
LT in PSC has unique perioperative considerations. Many patients have recurring bouts of bacterial cholangitis prior to transplant, with repeated or chronic exposures to broad spectrum antibiotics. Multidrug resistant organisms are of particular concern. Additionally, due to high rates of co-existing IBD and autoimmune hepatitis in children with PSC, many patients enter transplantation on immunosuppressive medications creating additional risk for opportunistic and atypical infections. With increasing use of OVT for PSC in children, care should be taken to screen patients for VRE. Infectious disease consultation is recommended to determine optimal perioperative antimicrobial prophylaxis.
Management of IBD surrounding LT for PSC is complex. No immunosuppression protocol has proven to be the most effective at controlling IBD pre-LT and accepted IBD management is most commonly recommended. Similarly, choice of immunosuppression regimen post-LT is complex. No single regimen is more effective. Cyclosporine and azathioprine were noted to have protective effects for IBD post-LT for PSC, whereas mycophenolate and tacrolimus were detrimental [129] . Aminosalicylates may provide a protective benefit from IBD recurrence. Nevertheless, despite significant immunosuppression post-LT, > 50% of patients will have active IBD disease warranting additional therapy [130] . Furthermore, no consensus exists regarding optimal timing of colectomy related to LT. While data suggests colectomy pre-LT may prevent PSC recurrence, adequate data to suggest routine colectomy in all patients does not exist [131] . Timing of colectomy should be personalized with factors such as severity of portal hypertension and severity of underlying IBD taken into consideration. The presence of dysplastic lesions in the colon is an absolute indication for colectomy prior to LT.
Transplantation can occur with deceased and living donors with similar success. Some data suggest living-related donation may offer superior survival [132] . This may be related to shorter wait-times and being less ill at the time of transplant, or because of immunologic similarities and lower rates of PSC recurrence. Roux-en-Y choledochojejunostomy and duct-to-duct biliary anastomosis showed similar one-year patient and graft survival in a meta-analysis [133] . PSC patients have an increased risk of vascular thrombosis after LT [134] and require careful postoperative observation and anticoagulant prophylaxis.
PSC frequently reoccurs (rPSC) in the transplanted liver. rPSC is diagnosed when PSC-like ductal lesions and cholestasis occur six months or more after transplant. Care must be taken to exclude ductular lesions from vascular complications (hepatic artery stenosis or thrombosis), anastomotic biliary strictures, and CMV infections. rPSC occurs in 16% of adult transplant patients at a median of 6-years [135] . In children, the five-year recurrence risk after LT for PSC is 23%. Graft survival after recurrence is poor: 53% after five years [136] . The underlying etiology is unknown, but associated risk factors include younger age at PSC diagnosis and/or transplant, the coexistence of IBD, and thymoglobulin induction [137] . One study demonstrated rituximab may prevent disease recurrence, including with ABO-incompatible LT donation [138] . Prevention of rPSC requires ongoing study as factors such as colectomy (noted above) and the optimal induction and maintenance immunosuppressive regimens.
After LT, rates of colorectal carcinoma are particularly high [139] . Colorectal cancers occur in nearly 20% of all transplant recipients during follow-up. LT patients with IBD need annual endoscopic surveillance for colorectal cancer.
CONCLUSION
There are presently no specific guidelines for the treatment of children with PSC. Data is limited and much work needs to be done to identify a consistently effective therapy and to define the best surrogate biomarkers for treatment response. At least some patients respond to UDCA or OVT, and the vast majority of children with PSC already try one or both of these therapies. In an effort to offer providers and patients a framework for a standardized approach to treatment we suggest the following evidence-based treatment algorithm, detailed in Figure 1 , to be updated as more data becomes available in the coming years. 1 consider CA 19-9 and abdominal ultrasound every 6-12 mo for all patients over 15 and surveillance colonoscopy every 1-2 yr for patients with primary sclerosing cholangitis-inflammatory bowel disease. 
